Background: Intratumoral immune infiltrates have manifested a robust prognostic signature in patients with hepatocellular carcinoma (HCC). We hypothesized that a novel tissue-related immune signature (TRIS) could improve the prediction of postoperative survival for patients diagnosed with early/intermediate HCC.
Background
Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death worldwide, accounting for more than 700,000 deaths per year [1] . The prognosis of HCC not only depends on the tumor burden of patients but also on their underlying liver functional reserve [2] and tumor heterogeneity [3] . Therefore, in order to promote better prognosis and reduce the global burden of this disease, it is crucial to identify new pathological and biological predictors and improve prediction of postsurgical survival for HCC.
While multiple immune components are involved in cancer initiation and progression [4] , the existence of various immune components have been identified in the liver, including Kupffer cells [5] , dendritic cells (DCs) [6] , natural killer (NK) cells, naïve and memory lymphocytes [7] , B cells [8] , T regulatory cells (Tregs) [9] , T follicular helper (Tfh) cells [10] , CD8 + T cells [11] , and CD4 + T cells [12] . Studies have suggested that immune infiltrates are of clinical significance in various types of cancer [13] [14] [15] . For example, the immune score, which is based on the number of lymphocytic populations in the tumor core and the invasive margin of tumor, was able to indicate outcomes in patients with early-stage colorectal cancer [16] and has been defined as a new component in the classification of colorectal cancer. In our previous studies, intratumoral neutrophils [17] , margin-infiltrating CD20 + B cells by Shi et al. [18] , and intratumoral balance of regulatory and cytotoxic T cells by Gao et al. [19] were found to be associated with long-term survival of HCC patients. It was reported that about 25% of HCC samples were found expressing markers of an inflammatory response, characterized with high expression levels of programmed cell death protein 1 (PD1) and CD274, and markers of cytolytic activity [20] . Li et al. have also reported that the expression of PD1 in HCC was able to promote tumor growth independent of adaptive immunity [21] . However, the prognostic potential of infiltrating immune cells in survival prediction for patients with HCC has not yet been assessed comprehensively.
In this study, we used the least absolute shrinkage and selection operator (LASSO) regression model based on 28 immunological features to establish the tissue-related immune signature (TRIS). Then, independent clinicopathological predictors and TRIS were integrated into a novel immune-clinical prognostic index (ICPI). Moreover, we investigated the performance of the ICPI, compared the ICPI with 7 conventional staging systems, and validated the ICPI model in the validation cohort.
Methods

Dataset
Data collection was conducted from all HCC patients who underwent liver resection between April 2005 and September 2008 at the Department of Liver Surgery, Zhongshan Hospital, Shanghai, China. The inclusion criteria were without previous anticancer therapy, absence of any other types of malignancies, complete resection of liver tumors, histopathological confirmation of HCC, and classified as stage 0 or A, or B according to the Barcelona Clinic Liver Cancer (BCLC) staging system. In this study, the patients with BCLC B stage were carefully selected: resectable HCC, adequate liver remnant size after liver resection, no radiological evidence of vascular invasion or extrahepatic metastasis, and liver function status of Child A-B. Patients with hilar or extrahepatic cholangiocarcinoma, tumors of uncertain origin, metastatic liver tumors, combined hepatocellular-cholangiocarcinoma, perioperative mortality, or tumors beyond BCLC stage B were excluded from the study. Recruited patients were divided into 2 cohorts: the training and validation cohorts. Figure S1 .
Follow-up
The study was censored on December 1, 2011. A standardized follow-up protocol was adopted for all patients [22] . The patients attended follow-up visits with computed tomography or abdominal magnetic resonance imaging scans carried out once every 6 months for the first 2 years. Abdominal ultrasound, liver function tests, and serum alpha fetoprotein (AFP) level examinations were performed once every 3 months. The endpoints of the study were overall survival (OS) and recurrence-free survival (RFS). OS was defined as the interval between the date of surgery and the date of patient death or the last follow-up visit. RFS was defined as the time from the date of tumor resection to the date of diagnosis of recurrence/metastasis, or the last follow-up visit.
Tissue microarray (TMA) construction
All HCC tumor specimens were examined independently by two reviewers who were blinded to the clinical characteristics or treatment outcomes of patients. The TMA construction was conducted as previously described [19] . To ensure homogeneity and reproducibility, two representative areas with infiltrating lymphocytes were carefully selected by qualified pathologists in H&E-stained slides of the blocks from the tumor center and peritumor tissues. Then, duplicate cylinders (1 mm in diameter) from two different areas were punched, arrayed, and re-embedded in a recipient block. All final slides were dipped in paraffin for preservation and stored at 4°C before immunohistochemistry (IHC) assays.
In this study, immune biomarkers were selected for IHC staining based on their close involvement in patient survival and tumor recurrence (CD3, CD8, CD4, CD57, and CD68) [17, 18, [23] [24] [25] [26] , local immune response (CD20, CD27, and CD45RO) [8, 27] , tumor growth (PD1 and CD66b) [21, 28] , and antitumor function (CD14) [29] . CXCR5 was selected because of its participation in the pathogenesis of primary biliary cirrhosis [30] . While the prognostic values of CD45RA [31] and CD103 [32] in liver cancer still remain unclear, they were also selected due to their presence in tumors. The details regarding IHC, antibodies, and staining conditions are included in the Additional file 1: Supplementary methods.
Evaluation of immunohistochemical staining
To evaluate the tissue-infiltrating immune cells, the tissue sections were screened at low power (× 100), and the 5 most representative and independent fields were selected using the Leica Qwin Plus v3 software to ensure representativeness and homogeneity. The respective areas of the nontumoral and intratumoral regions were then photographed at × 200 magnification. Identical settings were used for each photograph. High-resolution spot images (1360 × 1024) were obtained and stored under TIFF format. All the consecutive images were analyzed using a computer-automated method (Image-pro plus 6.0, Media Cybernetics Inc.) as described elsewhere [33] . The spot and captured spot (× 200) with image software are presented in Additional file 3: Figure S2 . The numbers of positively stained cells were recorded, and the mean value was used for statistical analysis. The 5 representative spots showed a good level of homogeneity of stained cell numbers in tumor or non-tumor regions.
Statistical analysis
Summary statistics were obtained using established methods and presented as percentages or median values. Pearson's χ 2 test or Fisher's exact test was employed to compare categorical variables. Wilcoxon rank sum test or Student's t test was used to evaluate continuous variables. The OS was estimated by the Kaplan-Meier method and compared with the log-rank test. Cluster version 3.0 (Michiel de Hoon, Tokyo, Japan) was performed for the hierarchical clustering of multi-immune features [34] . The estimation of the relative fractions of immune cells from tissue expression profiles of HCC was conducted using CIBERSORT [35] . The details regarding CIBERSORT and construction of immune network are included in Additional file 1: Supplementary methods.
LASSO is a broadly used method for regression with high-dimensional predictors [36] . We applied the LASSO Cox analysis to identify significant prognostic immune features and constructed a multi-immune feature (TRIS score) on the basis of OS. The "glment" package was used to do the LASSO Cox analysis. By using the univariate and multivariate Cox proportional hazards regression in the training dataset, we integrated independent prognostic factors into the ICPI model. The nomogram and calibration plots were constructed as previously described [37] . We compared the ICPI model with American Joint Committee on Cancer (AJCC) 7th edition, AJCC 8th edition, Cancer of the Liver Italian Program (CLIP), Barcelona Clínic Liver Cancer (BCLC), Okuda, Japan Integrated Staging (JIS) and Liver Cancer Study Group of Japan (LCSGJ) staging systems based on receiver operating characteristic (ROC) curves. The P value for the c-indices in the 2 models was computed using a bootstrapping method [38] . The rcorrp.cens package in Hmisc was used.
X-tile software was used to generate the optimum cutoff point for continuous variables according to the highest χ 2 value defined by the Kaplan-Meier survival analysis and the log-rank test [39] . Based on the ICPI score, HCC patients were categorized into 3 subgroups with X-tile software version 3.6.1 (Yale University School of Medicine, New Haven, CT, USA). To evaluate the performance of stratified ICPI and other staging systems, the corrected Akaike information criterion (AIC) was chosen to present how the staging system correlated with patient survival. And then, Wald's χ 2 test was used to evaluate homogeneity in the same stage within each system, indicating differences in survival among patients [40] . Statistical analyses were performed with R software version 3.1.0 (R Foundation for Statistical Computing, Vienna, Austria). Statistical significance was set at 0.05.
Results
Clinicopathological characteristics of patients
The demographic and clinicopathological data of the 745 HCC patients recruited in this study are shown in Table 1 . The patients were divided into the training cohort (n = 352) and the validation cohort (n = 393). The percentages of patients at BCLC stages 0, A, and B in the training cohort were 11.9%, 76.4%, and 11.7%, respectively. Except for albumin and bilirubin, no significant differences were observed between the training and validation cohorts in any other patient, tumor, or operation-related covariates. Despite significant differences existed in the albumin and bilirubin levels between the two cohorts, these two indicators were still within the normal range and would not influence the liver function of HCC patients.
After a median follow-up of 52.2 months (range, 3.0 to 79.3) for the entire study population, 54.8% of patients (408/745) had developed tumor recurrence, and 38.3% (285/745) had died. The 1-, 3-, and 5-year OS rates were 88.9%, 69.7%, and 56.3%, respectively, and the 1-, 3-, and 5-year RFS rates were 73.4%, 54.0%, and 36.5%, respectively.
Immune characteristics of HCC tissues
To investigate the cellular composition of the immune infiltrates in liver cancer, we initially built the CIBERSORT-inferred relative fractions of the different immune cell types with publicly available data (TCGA and 7 GEO datasets) [35] . Among the 8 datasets, the percentage of macrophages was the highest, followed by CD4 + T cells, mast cells, and CD8 + T cells (Fig. 1a ). Student's t test revealed that the percentages of plasma cell, monocyte, CD8 + T cell, and neutrophil contents were decreased in intratumoral tissues, while the percentages of Tfh cells, Tregs, NK cells, and DCs were increased in TCGA and GSE14520 datasets (Fig. 1b) . Further, we investigated the coordination of immune cell fractions in TCGA dataset. The correlation analysis was visualized using the unsupervised hierarchical clustering of a correlation matrix of immune cell analysis [34] . Figure 1c To confirm these results, we evaluated the density of 28 immune features in 2 regions of liver cancer using tissue microarrays: tumor and peritumor. The expression levels of 28 immune features are presented in Additional file 3: Figure S3 . Based on the correlation analysis, three major and TCGA datasets. *, **, ***, and **** denote P < .05, < 0.01, < 0.001, and < 0.0001, respectively. NS denotes no significance (Student's t test). c, d
Correlation matrix followed by unsupervised hierarchical clustering in immune cell fractions of TCGA (c) and 28 immune features of HCC tissues (d).
Pearson correlation coefficients (R) were calculated. Correlation coefficients were plotted with negative correlation (green), positive correlation (red), and R = 0 (black). e, f (CD3 T , CD4 T , CD27 T , and CD45RO T ) or the adjacent normal tissues (CD3 P , CD45RA P , and CD45RO P ). The last cluster was characterized with the functional coordination of peri-and intratumoral CXCR5 + cells (a biomarker of Tfh) [30] , which is consistent with the results of TCGA dataset (Tfh T and Tfh P ) (Fig. 1d) . In summary, these data indicated a high degree of functional coordination of specific types of immune cells.
Construction of the TRIS
To select prognostic immune features, we performed the LASSO Cox regression model on the basis of OS [36] . Five immune features were identified in the training cohort: CD3 T , CD27 T , CD103 T , PD1 T , and CD68 P (Fig. 1e-g ). The . The level of immune features was defined as the number of positively stained cells in specific regions of each HCC patient: intra-or peri-tumoral tissues. We then evaluated the correlation of TRIS with clinicopathological variables and observed that the TRIS was statistically associated with sex (P = 0.02), AFP (P = 0.009), tumor diameter (P = 0.02), and tumor numbers (P = 0.046) (Additional file 2: Table S1 ).
Selection of prognostic predictors
Univariate analyses were performed on age, sex, etiology, TRIS, and clinicopathologic variables to determine their associations with OS in patients with early/intermediate-stage HCC. All variables that were significant were evaluated with multivariate analyses (Table 2 ). Multivariate analysis revealed that γ-glutamyl transferase (GGT) (hazard ratio (HR), 1.002; 95% CI, 1.000-1.004; P = 0.01), tumor diameter (HR, 1.100; 95% CI, 1.046-1.156; P < 0.001), tumor differentiation (Edmondson-Steiner grade I-II/III-IV) (HR, 1.819; 95% CI, 1.268-2.610; P = 0.001) [41] , and TRIS (HR, 4.606; 95% CI, 1.335-15.890; P = 0.02) were independent prognostic factors of OS in HCC patients.
Establishment of the ICPI
To further improve the accuracy of survival prediction, GGT, TRIS, tumor diameter, and tumor differentiation were integrated. By using the Cox proportional hazards regression model, we then derived an individualized ICPI equation: (0.0889 × GGT + 5 × tumor diameter + 25.4939 × tumor differentiation status + 60.9038 × TRIS − 1.1324). In this formula, Edmondson-Steiner grade I-II was defined as 1, and grade III-IV as 2. And then, we evaluated the predictive Table S2 ).
To compare the predictive power of the ICPI and 7 traditional staging systems, ROC curve analysis was applied. In patients with HBV-associated HCC, our established ICPI achieved significantly improved estimation in survival prediction (C-index, 0.691) when compared with the 7 staging systems in the training cohort (C-index, 0.548-0.597) (Fig. 2a and Additional file 2: Table S3 ).
Performance of the ICPI in stratifying the risk of patients
To determine the optimal cutoff values of the ICPI, X-tile program [39] was used in the training cohort (Additional file 3: Figure S4) . Then, the patients were stratified into 3 subgroups: score 1, 0 to 58.5; score 2, 58.5 to 86.2; and score 3, ≥ 86.2. In the training cohort, stratification into the 3 subgroups allowed significant distinction for survival outcomes (score 1 vs. 2, P = 0.001; score 2 vs. 3, P < 0.001). Except for Okuda staging system, no significant differences in survival distribution were observed across all stages of BCLC, CLIP, JIS, LCSGJ, and AJCC 7th and 8th edition staging systems (Additional file 3: Figure S5 ). Further, we assessed the performance of the ICPI model and 7 staging systems with corrected AIC values and homogeneity [40] . Among the eight staging systems, our stratified ICPI revealed the highest homogeneity (43.66) and the lowest AIC value (1594.64) in HBV-related HCC patients in the early/intermediate stage ( Table 3 ), implying that stratified ICPI might be more accurate in predicting postoperative survival.
Validation of constructed ICPI
To substantiate the performance of ICPI, validation analyses were performed in an internal validation cohort (n = 393). In the validation cohort, the C-index value of the ICPI was superior than those of 7 other staging systems [ICPI vs Okuda, 0.686 vs 0.602 (P < 0.001); CLIP, 0.610 (P = 0.01); LCSGJ, 0.553 (P < 0.001); JIS, 0.556 (P < 0.001); AJCC 7th edition, 0.519 (P < 0.001); AJCC 8th edition, 0.573 (P < 0.001); BCLC, 0.544 (P < 0.001), respectively] ( Fig. 2 and Additional file 2: Table S3 ).
Moreover, we performed the Kaplan-Meier survival analysis according to the stratified ICPI and traditional staging systems in the validation cohort. Figure 3 indicates that significant differences in survival distributions were found across all stages of stratified ICPI score 1/2 (P = 0.003), score 2/3 (P < 0.001), Okuda stage I/II (P < 0.001), and AJCC 8th edition stage I/II (P = 0.01) and II/III (P = 0.02). There were no significant survival differences between BCLC stage A/B (P = 0.38), CLIP 0/1 (P = 0.09), 2/3 (P = 0.68), JIS 1/2 (P = 0.14), LCSGJ II/III (P = 0.13), AJCC 7th edition I/II (P = 0.31), and II/III (P = 0.24).
We also assessed corrected AIC values and homogeneity in the validation cohort. The stratified ICPI remains the highest homogeneity (50.94) and lowest AIC (1551.86) ( Table 3 ). In addition, we generated a nomogram to facilitate the clinical application of ICPI (Additional file 3: Figure S6A ). The calibration plots achieved acceptable agreement in the validation cohort between the ICPI prediction and the actual observation for 1-, 3-, and 5-year OS (Additional file 3: Figure S6B ). a b 
Relationship between the ICPI and local immune status
To investigate the interaction of immune features in the tumor microenvironment, an immune network was constructed on the basis of TMA data. Figure 4a shows a clear separation between the two regions, each exhibiting a distinct and characteristic immune cell pattern, and subnetworks of T cell subpopulations (CD3 cells, CD4 cells, memory T cells, and naïve T cells) in liver tissues. We also observed a correlation between B cells (CD20) and the T cell subset network, implying a functional interaction and is influenced by tumor-host crosstalk [44, 45] . With inadequate information on the biological behavior and microenvironment characteristics of liver cancer, it may not be accurate enough to simply combine few clinicopathological parameters together for the prediction of survival in HCC patients. In this study, an immune and clinical prognostic index was developed and validated in an independent dataset. The newly developed ICPI was useful in survival prediction for patients with early/intermediate-stage HCC (BCLC stages 0, A, and B).
To identify prognosis-related immune predictors, 28 immune features were evaluated in the training cohort of 352 HCC specimens. In contrast to other studies that used gene expression profiles and flow cytometry, IHC was used for the identification of tumor-infiltrating immune cells, because of its ease of use and clinically applicable. Based on all the examination results, five immune features were selected through LASSO Cox method in our study, including CD3 T , CD27 T , CD103 T , PD1 T , and CD68 P . This selection is more comprehensive than those previously reported studies in multiple aspects [25, 46] . First, we systematically investigated 28 immunological features based on intra-and peri-tumoral tissues in liver cancer that are not confined to the commonly used CD3, CD4, CD45RO, or CD8. Second, the LASSO Cox regression model was adopted to achieve covariate selection. Also, in contrast to previous studies with relatively smaller sample sizes (from 65 to 348 patients) [25, 26, 46] , our study recruited a much larger cohort (n = 745 patients).
The prognosis values of the five immune features selected for TRIS were consistent with previous studies. Our study indicated that a low density of intratumoral CD3 + cells predicted poor prognosis, which is similar to studies on HCC [25] and gastric cancer [34] . Consistent with the study by Garnelo et al. [8] , high density of CD27-positive cells was associated with superior HCC patients' survival in our study. Also, we confirmed the interaction between intratumoral B (CD20) cells and T (CD27) cells with immune cell network. In tumor-infiltrating lymphocytes and peripheral blood of HCCs, Zhang et al. [32] revealed that the prevalence of Tregs expressing high levels of HLA-DR, GITR, and CD103 increased during the progressive stages. In accordance with our previous study [47] , we observed that high infiltration of PD1 + immune cells could predict dismal survival in HCC patients. Furthermore, it has also been reported that Kupffer cells (CD68), the resident macrophages in the liver, play an important role in HCC development and hepatic homeostasis [48] . Similar to the previous study by Zhu et al. [23] , high levels of peritumoral macrophages were correlated with tumor progression and poor prognosis after liver resection, indicating the potential value of peritumoral immune components to serve as a prognosis factor and future target of immunotherapy.
Apart from the selected immune biomarkers of CD3, CD27, CD103, CD68, and PD1, the status and prognostic significance of other immune biomarkers were also evaluated in this study. In HCC, the antitumor effector functions of CD4 + T and CD8 + T cells have been reported [24] , while the role of B lymphocytes in the carcinogenesis of HCC remains controversial [4] . The antitumor function of NK cells has been well-documented, which is gradually diminished with the progression of HCC. In our study, no significant differences in NK cells (CD57) were observed between intra-and peri-tumoral tissues. In our previous study, intratumoral neutrophils, facilitating tumorigenesis and resistance to the tyrosine-kinase inhibitor sorafenib, were reported as a poor indicator for HCC patients [28] . Similar to the studies on colorectal cancer [16] , the intratumoral memory T cells (CD45RO) were also decreased dramatically in our study. In addition, depletion of CD14 + and CD45RA
+ cells in the tumor regions was observed. However, the intratumoral CXCR5 + cells did not show any significant changes.
The host immunity against tumors is considered increasingly important in clinical practice and cancer research as the local immune status can influence tumor evolution. Changes in density of intratumoral-infiltrated immune cells during tumor invasion and metastasis may indicate progressive immune escape. In our study, the ICPI was inversely but weakly correlated with CD4 + and CD27 + cells enhanced local immune activation and contributed to a better prognosis for patients with HCC [8] . In addition, CD103 + cells have been proposed as an indicator of the favorable OS in breast and lung cancers [50, 51] . These findings suggest that the combination of selected markers in the ICPI may serve as a potential indicator which represents the localized immune status in liver cancer.
The survival of HCC patients depends on the tumor stage, underlying liver function, and performance status. As a marker of liver injury, GGT was an independent prognostic predictor on multivariate analysis in our study. Recently, other researchers reported that elevated serum GGT was associated with the risk of cancer, especially in liver cancer [52] . Our final ICPI model also integrated tumor diameter and histologic differentiation as reported in previous studies [53, 54] . Based on these clinical predictors, our established ICPI integrated the characteristics of liver function, liver pathology, and host-tumor interaction.
Our study has limitations. First, this study was focused on HBV-associated HCC in the early/intermediate stage.
It requires further study whether the ICPI can be applied to patients with advanced-staged disease or HCC with other etiologies requires further studies. Second, the study is retrospective with its inherent defects. Third, the study cohorts were recruited from one single center, and approximately 10% of HCC patients at intermediate stage (BCLC B) underwent surgical resection, which might result in selection bias. In addition, the biological mechanisms remain to be further investigated about how the candidate markers, including CD3, CD27, CD68, CD103, and PD1, are involved in HCC. Finally, the ICPI model was constructed on the basis of pre-and postoperative parameters, which may not be suitable for preoperative decision-making.
Conclusion
In summary, the ICPI improved the accuracy of survival prediction for patients with early/intermediate-stage HCC. Prospective studies are needed to further validate its analytical accuracy in estimating prognosis for individualized management of HCC patients. Figure S1 . Study flowchart. Figure S2 . Digital image analyzed using the image software (Image-pro plus 6.0), with tissue represented in yellow and stained cells represented in red. Figure S3 . Immunohistochemistry expression pattern of 14 immune infiltrations in tumor and adjacent liver tissues, including CD3, CD4, CD8, CD14, CD20, CD27, CD45RA, CD45RO, CD57, CD66b, CD68, CD103, CXCR5, and PD1. Figure S4 . X-tile plots of ICPI in the training cohort automatically selecting the optimum cut point according to the highest χ 2 value defined by the Kaplan-Meier survival analysis and log-rank test. Figure S5 . Kaplan-Meier survival curves of the training cohort categorized by different staging systems. Figure S6 
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